Abstract A wide range of evidence implicates the brain as playing a significant role in ventricular arrhythmias and sudden cardiac death. The mechanism is thought to involve the intermediary of the autonomic nervous system. Here we briefly consider possible mechanisms by which central neural processing may modulate the myocardial electrophysiology and hence the arrhythmia substrate.
Autonomic control of the heart as a closed loop system
The traditional concept of autonomic control is a closed loop system with the sympathetic and parasympathetic limbs acting in a reciprocal fashion in order to maintain homeostasis (Fig. 1a) . Within this system are a number of opponent processing functions. For example, at the level of the myocardial cell membrane, sympathetic stimulation acting through beta 1 adrenergic receptors enhances the inward sarcolemmal calcium current Ica 2+ which tends to prolong action potential duration (APD) and refractoriness while at the same time increasing the outward potassium current IKs which tends to shorten APD (Fig. 1b) . The net effect under normal circumstances is usually a shortening of APD and refractoriness. These effects are opposed by parasympathetic nerve activity acting pre-junctionally to suppress sympathetic neural stimulation and post-junctionally through muscarinic receptors on the beta-adrenergic signalling cascade. An example of the physiological utility of such a closed-loop system is the baroreflex whereby pressure receptors in the aorta and carotid arteries modulate the balance of efferent sympathetic / parasympathetic outflow to the heart in order to maintain homeostasis. However, a number of factors may interact with and upset the stability of such a system.
Evidence for a role of brain and higher centres in modulating autonomic control and arrhythmogenesis Evidence for a role of brain and higher centres in ventricular arrhythmias and sudden death includes anecdotal reports throughout the ages of an association with mental stress [4, 5] ; an increase in sudden cardiac death at the time of national disasters such as earthquakes [6] [7] [8] [9] ; magnification of the proarrhythmic effects of ischaemia in animal models by mental stress [10] , and the prevention of stress induced VF by fronto-amygdala brain section [11] ; a protective effect of vagal stimulation against stress-induced arrhythmias in dogs; a potentiating effect of anger on ventricular arrhythmias [10, 12, 13] ; the protective effect of centrally acting beta blockade; and the precipitation of VF in channelopathies such as long-QT syndrome by emotion.
Mechanisms by which brain and higher centres may modulate autonomic control of the heart and influence arrhythmogenesis Several mechanisms have been proposed whereby higher centres or brain stem regions may participate in arrhythmogenesis [1, 3, 14, 15] .
Direct effect via autonomic nerves on myocardial electrophysiology
Autonomic nerve activity may influence the electrophysiology through myocardial ion channels, pumps and transporters and intracellular signalling processes [15] . In the ventricle sympathetic stimulation may exert a number of effects on repolarisation facilitating early and late afterdepolarisations and hence promoting triggered activity, together with shortening of repolarisation and refractoriness and steepening APD restitution thereby promoting reentry (Fig. 1b) . Input from higher centres may enhance or reduce sympathetic and parasympathetic drive. A complex interplay exists between the cortical control of autonomic activity and neural traffic in the sympathetic and parasympathetic nerves. There is considerable evidence supporting + is increased which lengthens action potential duration (APD) and refractoriness; potassium currents, particularly IKs, are increased which shortens APD. The overall effect is usually APD shortening; sympathetic stimulation also favours the formation of early and late afterdepolarisations thereby promoting triggered arrhythmias
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Asymetric effect on the heart Sympathetic and parasympathetic nerves Fig. 2 The 'laterality hypothesis'. In one model of the cortical representation of specific emotions, negative emotions (anger, fear) are processed predominantly in the right hemisphere and positive emotions (e.g. happiness) predominantly in the left hemisphere. The right hemisphere is also predominantly associated with sympathetic activity and the left hemisphere predominantly associated with parasympathetic activity. Conveyance of nerve traffic from brain to heart is mainly ipsilateral. There is a degree of lateralisation of the distribution of the right-and left-sided nerves in the heart with the right-sided nerves mainly on the anterior surface (right ventricle) and the left-sided nerves mainly on the posterior aspect of the heart (left ventricle). The laterality hypothesis proposes a mechanism whereby central neural processing may be represented asymmetrically in the heart and hence generate repolarisation heterogeneity which is known to facilitate reentrant arrhythmias specificity whereby different emotions have different autonomic signatures [14, 16] .
Lateralised cortical/brain stem activity enhancing inhomogeneity of repolarisation An increase in the normal regional inhomogeneity of repolarisation and refractoriness predisposes to reentrant arrhythmias. Asymmetric autonomic neural traffic to the heart could therefore predispose to reentry. Numerous studies have provided evidence that the two halves of the human forebrain are associated with different emotions. One model ascribes positive emotions to the left hemisphere and negative emotions to the right hemisphere [17] . The control of cardiac activity has been shown to be similarly lateralised with predominantly sympathetic effects arising from the right and parasympathetic effects arising from the left hemisphere [18, 19] . Several studies have suggested a functional lateralisation of autonomic nerves in the heart with the rightsided nerves distributed predominantly over the anterior aspect (right ventricle) and the left-sided nerves distributed predominantly over the posteroinferior aspect (left ventricle) [20] . A functional lateralisation of right and left autonomic nerves on the heart together with lateralised emotional processing in the cortex and ipsilateral conveyance through the brain stem to the autonomic nerves is the basis of the 'laterality hypothesis' (Fig. 2) [21, 22] .
Afferent/efferent autonomic nerve loops and feedback from higher centres Cardio-cardiac reflexes are present in the heart which modulate autonomic neural input into the heart in response to afferent information from mechanoreceptors or chemoreceptors in the myocardium thoracic blood vessels and lungs [23] . The baroreflex already mentioned modulates the balance of sympathovagal input to the heart in response to pressure / volume changes in the great vessels. Stimulation of the posteroinferior aspect of the left ventricle may increase parasympathetic input and stimulation of the anterior left ventricle may enhance efferent sympathetic input [23] [24] [25] . Recent evidence suggests the possibility of the afferent-efferent feedback loop interacting with higher brain centres above the medullary vasomotor centre [26, 27] .
Ischaemia
Sympathetic stimulation is well known to increase oxygen demand and induce epicardial and/or microvascular constriction both of which may create or increase ischaemia. The extent to which ischaemia is an integral part of autonomically mediated arrhythmias is at present unclear.
Arrhythmias may require coexistence of other factors
It is notable that the majority of evidence for an arrhythmogenic role of mental processing derives from subjects with abnormal hearts (e.g. coronary artery disease or channelopathies) or animal models of ischaemia. The very rare occurrence of sudden cardiac death in subjects with normal hearts despite frequent episodes of intense sympathetic stimulation being a common feature of everyday life, suggests that the substrate for arrhythmia requires the coexistence of other factors to create an arrhythmia substrate.
Future directions
Neuroimaging studies in humans are identifying a specific set of cortical and subcortical brain regions involved in cardiac control and arrhythmogenesis (Taggart with Critchley 2011) [14] . Dorsal and subgenual regions of the anterior cingulate cortex, insula cortex and to a lesser extent the amygdala and basal ganglia are key amongst these. In the brainstem the periaqueductal grey and parabrachial nucleus formulate descending drive to the heart by the integration of afferent baroreceptor and mechanoreceptor information. Identifying specific brain regions associated with cardiac risk can thereby suggest novel therapeutic targets for the future.
